Epitope-selected monospecific antibodies were applied to investigate the localization of antigenic molecules in Toxoplasma gondii by immunoele-ctron microscopy. Eighty cDNA clones encoding antigenic polypeptides were immunoscreened from hgtll expression library with T. gondi infected mouse sera. Twenty different clones with no crossreactivity were selected from eighty clones. Monospecific antibodies to antigens derived from respective cDNA clones extracted from infected mouse sera by the epitope selection method were used in Western blot analysis and immunoelectron
Introduction
Toxoplasma gondii is a ubiquitous protozoan parasite which invades various types of cells in humans and animals. The majority of acquired infections are asymptomatic. In Japan, one third of adults are latently infected and harbor cysts of Tgondiiin the brain. If a woman is initially infected during early pregnancy, however, congenital toxoplasmosis occasionally causes fetal abnormality or perinatal death as a result of tachyzoites invading the embryo through the placenta and proliferating in the fetal brain tissue. Recrudescent toxoplasmosis has been reported in patients who have become immunocompromised as the result of immunosuppressive drug therapy or neoplastic diseases. It also occurs in patients infected with the human immunodeficiency virus, because up to 40% of AIDS patients suffer from cerebral toxoplasmosis (14) . Tachyzoites of T gondii invade host cells and form modified vacuoles which fail to fuse with lysosomes and lower their inner pH (25) . The intracellular parasites such as Phsmodium, Toxoplasma, Eimeria, and Supported by a grant for scientific research from the Japanese Ministry of Education. * Correspondence to: Dr. Tadashi Matsuura, Dept. of Parasitology, Shinshu University School of Medicine, Asahi 3-14, Matsumoto City, Nagano 390, Japan. microscopy. Eleven antigens were detected with epitopeselected antibodies in lysates of T. gondii tachyzoites. Five of the antigens with molecular weights of 60,40,35,28, and 27 KD were localized in the dense granules. Monospecific antibodies purified by the epitope selection method were useful for investigating the localization of antigens without preparation of a monoclonal antibody from a hybridoma. (J tlistochem Cytochem 40:1725 (J tlistochem Cytochem 40: -1730 (J tlistochem Cytochem 40: , 1992 KEY WORDS: Toxoplasma gondik cDNA; Dense granules; Immunoelectron microscopy; Epitope selection.
Sarcocystis belong to the suborder of coccidia, which have three types of common organelles named rhoptries, dense granules, and micronemes. These organelles may be involved in the invasion and modification of phagosomes in host cells. As a result, parasites might resist fusing with host lysosomes and thereby survive in cells. Clarification of the biochemical nature of the organelle content might provide a good clue to the functions of the organelles.
Immunoelectron microscopy with protein A-gold staining has been employed to reveal the localization of antigens in the parasites and intracellular organelles (2, 3, 8, 19, 20) . The dense granule appears to discharge its contents into the newly formed phagosome, a parasitophorous vacuole, during the entry into host cells, and some components of this organelle that contribute to the formation of the intravacuolar tubular network share antigenicity with the surface components (23,24). The rhoptry also seems to be a secretory organelle by electron microscopy (16). The 66 KD rhoptry protein has been detected with a monoclonal antibody on parasitophorous vacuoles (11). Many monoclonal antibodies reported previously have been raised against the contents of apical organelles (1, 6, 7, 12, 13, 21, 22) and the surface antigens for diagnosis and vaccine development (4,18). Despite the high specificity of monoclonal antibodies, they are not ideal probes for localization of antigens because they are affected by conformational changes or other modifications of the target proteins (4). The characterization and localization of antigens might be more reliable on the basis of cDNA structure than on that of monoclonal antibodies.
Monoclonal or highly specific polyclonal antibodies have been used in immunoelectron microscopy. However, it takes a long time to prepare a monoclonal antibody by the hybridoma technique for use in the study. In addition, to obtain a highly specific polyclonal antibody the specific protein must be purified for immunization of animals, and the antibody must be further purified by affinity chromatography if it has low specificity or avidity. In this study, monospecific antibodies were isolated from T gondii-infected mouse sera by the epitope selection method and were used in immunoelectron microscopy. This procedure might provide a simple and rapid method for clarifying the localization of an antigen in a protozoan parasite when the cDNA corresponding to the antigen has been cloned.
Materials and Methods
Collection of Z gondii and Infected Sera. T. gonu'iitachyzoites of the RH strain were collected from the intraperitoneal cavities of ddY mice Uapan SRL; Hamamatsu. Japan) 4 days after infection. Ten ddY mice were infected intraperitoneally with the Beverley strain. Ten weeks after infection the mice were sacrificed and the sera were pooled.
Construnion of a Z gondii cDNA Library and Immunoscreening. A Xgtll cDNA expression library was constructed and immunoscreened as described by Hynh et al. (9) . Briefly, total RNA was extracted from T. gondii tachyzoites by the guanidiniumlhot phenol method (15). The cDNA was synthesized from Z gondir poly(A)' RNA. EcoRI adaptor (Promega: Madison, WI) was added to both termini of the cDNA. Excess adaptors were removed and cDNA of appropriate size was recovered by agarose gel electrophoresis. The recovered cDNA was ligated to phage arms and pack-aged in vitro. The positive cDNA clones were immunoscreened as follows. The phage plaques on the nitrocellulose filter were blocked with TBS (50 mM Tris-HCI. pH 7.4. 150 mM NaCI) containing 5% non-fat dry milk for 1 hr. reacted overnight with infected mouse sera which had been diluted with TBS containing 0.5% non-fat dry milk (1:100), and washed three times with TBS containing 0.05% Tween-20. The reacted plaques were detected with goat anti-mouse IgG conjugated with horseradish peroxidase (Bio-Rad Laboratories; Richmond, CA) and visualized with 4-chloro-1-naphthol as a substrate. All procedures were carried out at room temperature.
Epitope Selection. To extract a monospecific antibody corresponding to a cDNA clone, epitope selection was carried out according to the method of Weinberger et al. (27) . The recombinant protein derived from the positive clone was transferred to the nitrocellulose filter. The filter was blocked and the protein on the nitrocellulose filter was reacted with antiserum as described above. The monospecific antibody bound with the protein was washed three times with TBS containing 0.05% Tween-20 and eluted with 5 mM glycine-HCI (pH 2.3) and 150 mM NaCI. The antibody solution was adjusted to pH 7.5 by adding 1 M Tris-HCI (pH 8.0) with non-fat dry milk and NaN3 at final concentrations of 0.5% and 0.02%. respectively. Crossreaction Analysis. cDNA clones encoding different GxopLassma antigens were identified as follows. Phage lysates of cDNA clones were spotted on a Y1090 bacterial lawn and incubated for 3 hr at 42°C to form plaques. Plaques formed were overlaid with and transferred to IPTG-impregnated nitrocellulose filters and incubated for 2 hr at 37'C during synthesis of recombinant antigens. The filters were blocked with PBS containing 5% non-fat dry milk for 1 hr and reacted with each epitope-selected antibody overnight at room temperature. Positive plaques were visualized as described above. Overlapped positive cDNA clones could be identified as a result of a clone-specific, epitope-selected antibody crossreacted with recombinant protein from other clones. The grids were then incubated with rabbit anti-mouse IgG + IgM conjugated with colloidal gold particles (10 nm) Uanssen; Olen, Belgium) diluted 1:20 in PBS-milk-Tween for 1 hr at room temperature. The grids were finally washed with PBS-Tween, stained for 15 min in 2% uranyl acetate in 50% methanol, carbon-coated, and observed under a JEOL 100s electron microscope. As a negative control, normal mouse serum was applied as the first antibody. Additional controls were not incubated with the primary antibody.
Results

Immanoscreening of cDNA Library
T gondii-infected mouse sera reacted with many antigens ( Figure   1 , lane 2) among tachyzoite proteins (Figure 1, Lane 1) . More than 80 positive clones were obtained from 4 x lo4 recombinants. The cDNA library was considered to be redundant in proportion to a rate of transcription in each gene corresponding to cDNA. Some of the positive cDNA clones were predicted to overlap with other clones derived from the same genes. To exclude overlapped cDNA clones, crossreaction analysis was carried out. Twenty cDNA clones encoding different antigenic epitopes were selected from 80 positive clones. The epitope-selected antibodies were used in Western blot analysis to estimate the molecular weights of the antigen molecules encoded by cDNA. Eleven epitope-selected antibodies reacted with the antigens in T gondii lysate with molecular weights of 120, 75, 60, 40, 35, 33, 30+27, 29, 28, 27 , and 24 KD antigens ( Figure  1, Lanes 3-13 ), but the other nine did not.
ImmanoeLectron microscopy of T. gondii Antigens
Five of the 11 epitope-selected antibodies were assayed on sections of tachyzoites by electron microscopy. T gondii tachyzoites are pearshaped, with a diameter of about 2 Bm (Figures 2 and 3) . The nucleus is located in the posterior part of the cell. The cytoplasm is rich in cell organelles: rhoptries, micronemes, mitochondria, and dense granules. These organelles have similar medium electron densities. As post-osmification with osmium tetroxide was omitted, the electron density of the cell membranes was low. Figures 2 and   3 show representative localization of cloned antigen in I ? gondii observed at high magnification. Gold particles that reacted with 28 KD antigen were localized mainly as dense granules, and some particles were located along the cell membrane (Figure 2 ). There was no significant binding of gold particles to other organelles. Gold particles showing the localization of a 40 KD antigen were localized mainly over dense granules (Figure 3 ). Cell membrane, rhoptries, and micronemes were negative for staining. Figure 4 shows the localization of other antigens by low-power magnification of tachyzoites, showing the localization of various representative antigens ( Figure 4B , 60 KD; Figure 4C , 35 KD; Figure 4D , 27 KD). Gold particles for these three antigens were commonly localized over the dense granules. A cDNA clone was used as a control which had a two thirds coding region of 23 KD antigen in dense granules, as reported by . The epitope-selected antibody against the 23 KD antigen also reacted to the dense granules ( Figure 4A ).
Discussion
Twenty different clones were isolated by immunoscreening of the T gondi cDNA library. Epitope-selected antibodies were extracted from infected mouse serum by affinity-purification with a recombinant antigen from a cDNA clone synthesized in E. coli. The monospecific antibody could be easily extracted by the epitopeselection method without any laborious hybridoma technique. The resultant antibodies were used for determination of molecular weights by Western blot analysis and for localization of native antigens in T gondii tachyzoites by immunoelectron microscopy. The epitope-selected antibody was polyclonal and was composed of a mixture of specific antibodies against multiple antigenic epitopes on a molecule of a recombinant antigen. Identification of molecules with monoclonal antibodies is highly specific, but the reactivity of the antibodies against an epitope of target molecules occasionally differs, depending on their conformation or on the method of detection. For example, 1G5 monoclonal antibody reacts with P30 protein only in reduced immunoblots at about 32 KD and, conversely, 1Ell reacts with P30 in non-reduced immunoblots at about 29 KD (4). 1G5 reacted in the dense granules and the intravacuolar network, and the other 1Ell reacted on the surface of tachyzoites (23). 7B8 monoclonal antibody against P30 was not able to react with P30/ P-galactosidase fusion protein synthesized in E. coli (4). These results suggest that the differences in the reactivity of each monoclonal antibody may arise from conformational modification of the antigenic epitope in different environments or from post-translational processing during maturation. The monospecific antibody has some advantages over the monoclonal antibody because the former recognizes multiple epitopes less influenced by the above differences. At least 20 recombinants with no crossreactive epitopes were isolated. Molecular weights of the antigenic molecules corresponding to respective cDNA clones were determined in 11 clones, but no visible bands were detected in the others by Western blot analysis. Western blot analysis with goat anti-mouse IgG conjugated with horseradish peroxidase can detect a signal corresponding to 10 ng protein or more. Less than 0.05% of antigenic molecules expressed in tachyzoites were undetectable as signals by Western blot analysis. Very small amounts of antigens corresponding to nine clones were included in tachyzoites, but they were presented to the host immune system as antigens.
Eleven antigens with molecular weights of 120, 75, 60, 40, 35, The 33 KD antigen also probably corresponds to the P30 protein cloned by Burg et al. (4) The identity of genes which have already been cloned could be confirmed by crossreaction analysis or hybridization with cDNA clones. The intracellular distribution of five antigens with molecular weights of 60.40, 35, 28. and 27 was characterized by i"unoclcctron microscopy. Five antigens were detected in dense gran- ules, suggesting that most of the 1: gondii antigens might be synthesized in dense granules, released from zoites, and presented to the host immune system. Nichols et al. (16) reported that the dense granules appeared to discharge their contents into the newly formed phagosome after invasion of the parasite into the host cells. Our results suggest that dense granules may produce most of the antigenic molecules and release them into the host cells. The fusion and acidification blocks mediated by 1: gondii are not dependent on the continuous secretion of inhibitors from zoites, because the blocks still remained after tachyzoites were killed intracellularly by the parasite inhibitor dihydrofolate reductase (10). The parasite has an ability to modlfy vacuole formation only at the entry stage. Dense granules might play a role by secreting their contents which modify the host cell membrane during the entry of the parasite.
